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ABSTRACT 7 
Pavements are engineered systems present in every modern society, and they have significant 8 
environmental, economic and social impacts. In an effort to promote more sustainable decisions 9 
regarding pavement design, construction and management, several pavement sustainability 10 
assessment tools have been developed. This research reviewed some of these tools and found that 11 
many of them do not treat the pavement as a system; instead, they seek to optimize individual aspects 12 
of the pavement in an effort to increase its sustainability. Therefore, a framework for analytically 13 
assessing the system outcomes towards sustainable objectives is presented and applied for modern 14 
pavement sustainability assessment. The results suggest that this framework provides a way to 15 
systematically include data in the evaluation of the outcomes of pavement management decisions 16 
towards achieving sustainable objectives.  17 
HIGHLIGHTS 
 We critically review the current state of pavement sustainability assessment 18 
 A framework to support decision making for more sustainable outcomes is developed 19 
 We conclude that a systems-based approach to measure outcomes is needed for pavements 20 
KEYWORDS:  Pavements, Sustainability Assessment, Lifecycle Assessment, Infrastructure 21 
Management, Performance Management   22 
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1. Introduction 23 
Road pavements are one of the most common forms of public infrastructure in the world, and 24 
require continuous investments and improvements to stay serviceable. This is evident by the fact that 25 
the U.S. public spends more than 184 billion dollars annually on maintaining and expanding the 26 
pavement network (CBO, 2016). In England, more than 15 billion pound sterling is planned to be 27 
invested specifically to increase capacity and condition of the road network (UK Department for 28 
Transport, 2014). Furthermore, adaptation to global climate change is expected to create a need for a 29 
significant increase in investments towards pavement maintenance (Chinowskya et al., 2013, Qiao et 30 
al., 2015). These cases reflect substantial investments anticipated for road networks through 31 
improvement, maintenance and rehabilitation of pavements. Therefore, a critical step in advancing 32 
towards more sustainable infrastructure is to promote more sustainable pavement management 33 
practices, which can be facilitated by defining performance measures for sustainability related to 34 
paving activities and developing tools to evaluate sustainable performance. In light of this, the 35 
objective of this paper is to present a review of current pavement sustainability assessment methods 36 
and offer recommendations to develop an analytical approach to assess pavement sustainability for 37 
decision support. 38 
Given that pavements are material intensive assets, a large focus in pavement sustainability has 39 
been on the use of recycled materials in road construction (Huang et al., 2007, Hossain et al., 2016). 40 
Reducing the energy intensiveness of pavements has also been a focus of considerable research, 41 
which has resulted in methods to lower asphalt manufacturing temperatures (Vidal et al., 2013) and to 42 
substitute portland cement by partially replacing it with supplementary materials (Nassar et al., 2013). 43 
In order to quantify the impacts of resource consumption associated with pavements, several 44 
pavement life cycle assessment (LCA) frameworks have been proposed (e.g., Loijos et al. (2013), 45 
Butt et al. (2014) and Santos et al. (2017)), assumptions in LCA methodologies have been evaluated 46 
(e.g., Huang et al. (2013)), and results from several LCA studies have been reported (e.g., Ventura et 47 
al. (2008), Noshadravan et al. (2013) and Santos et al. (2015)). Environmental considerations, 48 
however, are only one aspect of sustainability sciences (Sala et al. 2013), and a more holistic 49 
assessment is necessary to understand the sustainability of pavements.  50 
Several sustainability assessment tools have been developed for civil infrastructure or road 51 
projects, such as the Civil Engineering Environmental Quality (CEEQUAL) guidelines (CEEQUAL, 52 
2013) and the Greenroads program (Muench et al., 2010). However, when viewed specifically 53 
through the lens of pavements, they tend to be overly general and many categories defined for 54 
assessment do not pertain to pavements or paving activities. Paving activities have narrower 55 
boundaries than road construction activities, and thus, require less generalization in order to capture 56 
the effects they have on sustainability objectives. In other words, the sensitivity of these systems to 57 
pavement construction activities may be low. Important features of road sustainability assessment, 58 
such as road geometry and access issues, are not a part of pavement maintenance and rehabilitation 59 
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processes. If the boundaries are expanded to include issues such as geometry and access, then the 60 
pavement project becomes a road construction project.  61 
In order to address pavements in particular, a smaller subset of pavement-related sustainability 62 
assessment tools has been developed. These tools, however,  also experience several shortcomings, 63 
such as: (1) they were developed using a bottom-up approach based on highly regionalized materials 64 
and practices thus limiting their use by a wider audience, (2) they were developed based on practices 65 
considered sustainable without recommending techniques to analytically measure the outcomes of 66 
implementing the practices, or (3) they neglect criteria for which there is no standardised analytical 67 
measure, thus measuring sustainability only in terms of what can be systematically calculated. Despite 68 
the shortcomings of current pavement sustainability assessment tools, they are still seen as valuable 69 
tools for informing the current state of practice towards more sustainable solutions because they 70 
encourage the incorporation of sustainable development principles (Johansson, 2011). 71 
1.1. Objective and Methodology 72 
Current pavement sustainability assessment tools are beneficial because they help decision 73 
makers identify areas where sustainability can be improved during the design and construction phases, 74 
but they lack the framework for measuring the resulting impacts of the decisions made as part of this 75 
process. In order to build on the existing state of pavement sustainability assessment, the objective of 76 
this paper is to critically review several methods for conducting a pavement sustainability assessment 77 
and then to recommend an approach for analytically measuring sustainability-related impacts of 78 
pavement maintenance and rehabilitation to support descision making. Sustainability objectives and 79 
evaluation criteria were collected from several pavement sustainability assessment tools and were 80 
used to derive a set of general objectives for increasing the level of pavement sustainability. The 81 
objectives were then layered into a hierarchy, and indicators for performance towards each of the 82 
objectives were proposed to measure outcomes analytically. The proposed analytical approach can be 83 
used within a performance-based decision-making framework to evaluate the impacts of practices 84 
through iterative feedback in order to influence sustainable outcomes.  85 
2. Background 86 
Sustainable design and management of civil infrastructure continues to increase in importance 87 
with an increasing body of knowledge that demonstrate effects such as the growing understanding of 88 
anthropogenic impacts on global climate change, as well as the continued development of models 89 
relating economic and social benefits to infrastructure development. In essence, civil infrastructure 90 
has effects on the environmental, economic and social state. In terms of environmental impacts, it is 91 
widely observed that approximately one quarter of all CO2 emissions globally originate within the 92 
transportation sector (UNECE, 2014). Furthermore, it has been demonstrated that future infrastructure 93 
expansion has the potential to contribute substantially to climate change through increased greenhouse 94 
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gas emissions (Davis et al., 2010). In terms of economic investments, infrastructure maintenance and 95 
expansion contribute considerably to the gross value added to large economies (DBIS, 2013). Finally, 96 
it is well recognized that infrastructure is the link that connects human societies with the natural 97 
environment and facilitates the growth of welfare within societies (Knaap & Oosterhaven, 2011). 98 
Thus, it is clear that practices that lead to an increase in sustainability for infrastructure will impact 99 
potential sustainable outcomes within the three components of sustainability: the environment, the 100 
economy and society, and over a lifetime of decades, or potentially more. 101 
2.1. Sustainability and Public Infrastructure 102 
Sustainability applied to infrastructure management implies maintaining an acceptable condition 103 
while also considering the trade-off between cost, environmental impacts and social impacts of 104 
infrastructure investments. Many definitions have been proposed to express sustainability, such as 105 
those put forward by the Brundtland Commission (WCED, 1987) and the Council of the European 106 
Union (European Commission, 2006), and several benefits and drawbacks have been noted for each 107 
of these definitions (Adams, 2006). In general, definitions of sustainability are broad in nature so as 108 
not to constrain potential innovations contributing towards the general goal. For example, Muench 109 
(2010) defines sustainability as, “a system characteristic that reflects the system’s capacity to support 110 
natural laws and human values.” Sustainable development definitions, however, all follow the 111 
common theme of development that meets current needs without compromising the future (Adams, 112 
2006). Generally, this is broken into three objectives, which are typically referred to as the triple 113 
bottom line of sustainability: (1) enhancing social structures, (2) increasing economic 114 
prosperity/equity, and (3) decreasing adverse impacts to the natural environment. The combination of 115 
these three objectives can be viewed in two manners: ‘Strong Sustainability’ and ‘Weak 116 
Sustainability’ (Adams, 2006). ‘Strong Sustainability’ conveys the fact that no part of the economy 117 
occurs outside of the social structure, and no part of society can be thought of as independent of the 118 
natural environment (Johansson, 2011). In contrast, the representation of ‘Weak Sustainability’ 119 
recognizes that the three objectives generally must be evaluated independently because the correlation 120 
between the objectives is too complex to model in many cases and that tradeoffs between them must 121 
be considered. Although ‘Weak Sustainability’ is more widely considered, it is important to note the 122 
applicability of ‘Strong Sustainability’ to explaining the interdependence of the three areas. 123 
Sustainability assessments of infrastructure have been growing since the 1990’s and started in the 124 
building sector before expanding into the transportation sector. A review of many tools available to 125 
rate the sustainability of transportation infrastructure can be found in Brodie et al. (2013), Clevenger 126 
et al. (2013) and Gudmundsson et al. (2013). Generally, sustainability rating tools within 127 
infrastructure are designed to determine sub-processes that occur throughout the infrastructure life and 128 
then identify and encourage practices or policies that contribute to the sustainability of the individual 129 
sub-processes. For example, the Greenroads rating system identifies the attributes of a road project 130 
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that can contribute to sustainability, and then it defines sustainability best practices for these attributes 131 
(Muench et al., 2011). A second approach, which is less prevalent, is to define measures that 132 
contribute to sustainability and then to evaluate the infrastructure as a single system and determine the 133 
contribution to more sustainable outcomes. This second approach has been taken by the BE
2
ST-in-134 
Highways system (Lee et al., 2011). 135 
An important aspect of sustainability is that a systems based framework should be employed 136 
within sustainability assessment in an effort to gain a thorough understanding of the broad impact of 137 
decisions, and how these impacts affect surrounding systems. This type of systems based framework 138 
is demonstrated in the Envision rating system developed by the Institute for Sustainable 139 
Infrastructure. A description of the Envision system can be found in Shivakumar et al. (2014) and 140 
Behr (2014). One module within the Envision rating system is focused on pathway contribution, 141 
which is a measure of the influence of the infrastructure project on the goals and vulnerabilities of the 142 
community in which the project is constructed. This approach to evaluating sustainability using a 143 
systems based perspective is highlighted in the methods presented in later sections of this paper. 144 
2.2. Pavement Sustainability Assessment 145 
As mentioned before, the assessment of pavement sustainability is narrower than an assessment of 146 
road sustainability because the system boundaries are smaller for a paving activity than for a road 147 
building activity. For example, road alignment can have an impact on sustainable outcomes for 148 
communities by avoiding certain environmentally or socially sensitive areas, but alignment is not a 149 
consideration for paving activities. Still, several attempts have been made to extract concepts from 150 
road sustainability for use in pavement sustainability assessment, some of which are described in 151 
more detail in the following sections. 152 
2.2.1. Greenpave 153 
Greenpave is a sustainability rating system developed by the Ontario Ministry of 154 
Transportation that defines specific strategies that contribute to the increased sustainability of 155 
pavements (Lane et al., 2014). The strategies defined in Greenpave are linked to 14 objectives that are 156 
seen as practical goals for increased pavement sustainability: long life pavements, permeable 157 
pavements, noise mitigation, cool pavements, recycled content, undisturbed pavement structure, local 158 
materials, construction quality, reduce energy consumption, GHG reduction, pavement smoothness, 159 
pollution reduction, innovation in design, and exemplary process. The strategies and goals were based 160 
on other sustainability assessment tools and the conclusions of a sustainable pavement workshop, 161 
which brought together stakeholders to discuss techniques and policies that can contribute to 162 
pavement sustainability (Chan, 2010). 163 
In order to score a pavement project in Greenpave, the pavement characteristics are compared 164 
against predefined criteria in each of the 14 objectives. For example, it is expected that rigid 165 
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pavements (i.e., those constructed using portland cement concrete) will last longer than other 166 
pavement types; thus, rigid pavements receive three points related to the long life pavement objective. 167 
The long life pavement objective is tied to the goals of reducing the impact of frequent rehabilitation, 168 
reducing life cycle emissions and reducing life cycle energy consumption (Lane et al., 2014). 169 
Therefore, the points earned in this case are predicated on the idea that rigid pavements have lower 170 
life cycle energy consumption and emissions values than comparable flexible or composite 171 
pavements; however, this assumption does not hold true in many cases (Xu et al., 2015).  172 
2.2.2. FHWA’s INVEST Pavement Scorecard 173 
The US Federal Highway Administration (FHWA) has developed the web-based 174 
sustainability assessment tool: INVEST (Infrastructure Voluntary Evaluation Sustainability Tool) 175 
(FHWA, 2014). INVEST defines sustainability in terms of the triple bottom line, and it encourages 176 
balancing social, environmental and economic criteria (Brodie et al., 2013). Scoring with INVEST is 177 
completed within specific modules: System Planning, Project Development, and Operations and 178 
Maintenance. The total score, however, is not an aggregated value from the three modules. Instead, 179 
the modules are designed to serve as sustainability evaluations for different processes of the design, 180 
construction and maintenance phases (VanZerr et al., 2012).  181 
Although the INVEST tool is designed to evaluate the sustainability of a road project, it has a 182 
dedicated scorecard specific to paving activities. The scorecard for pavements contains specific 183 
actions or goals that must be met in order to obtain a certain number of points (e.g., the use of life 184 
cycle cost analysis (LCCA) is awarded three points). Once the project is scored across all of the 185 
criteria, the sum of the scores is used to rate the project. The criteria specific to paving are (Bevan et 186 
al., 2012): LCCA, highway and traffic safety, educational outreach, tracking environmental 187 
commitments, reduce and reuse materials, recycle materials, long-life pavement design, reduced 188 
energy and emissions in pavement materials, contractor warranty, construction equipment emissions 189 
reduction, construction quality control plan, and construction waste management. 190 
2.2.3. GreenLITES 191 
GreenLITES (Green Leadership in Transportation Environmental Sustainability) is a 192 
sustainability rating tool that was developed for use by the New York Department of Transportation 193 
(NYDOT, 2014). GreenLITES was not specifically developed for paving activities, but every project 194 
conducted by NYDOT is evaluated using the GreenLITES framework, including projects that are not 195 
required to submit formal plans (e.g., pavement maintenance and bridge painting) (Eisenman, 2012). 196 
GreenLITES is a point-based rating system with five point categories: sustainable sites, water quality, 197 
material and resources, energy and atmosphere, and innovation (Clevenger et al., 2013). There are 175 198 
points possible across the five categories, and projects are awarded a certification level based on the 199 
total points they receive. Specific activities that are not applicable to a large subset of the point 200 
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criteria, such as pavement maintenance, can be certified by accruing sufficient points in a limited set 201 
of applicable criteria. 202 
GreenLITES rating is based on the NYDOT’s sustainability mission, which is modelled 203 
similar to the definition of sustainability put forth by the Brundtland report (McVoy et al., 2010). 204 
Following this definition, NYDOT set goals to: protect and enhance the environment, conserve energy 205 
and natural resources, preserve or enhance the historic, scenic, and aesthetic project setting 206 
characteristics, encourage public involvement in the transportation planning process, integrate smart 207 
growth and other sound land-use practices, and encourage new and innovative approaches to 208 
sustainable design, and how they operate and maintain facilities. GreenLITES was developed 209 
primarily as an internal monitoring and assessment system (McVoy et al., 2010). 210 
2.2.4. BE2ST-in-Highways 211 
BE
2
ST-in-Highways (Building Environmentally and Economically Sustainable Transportation-212 
Infrastructure-Highways) was developed by the Recycled Materials Resource Center (RMRC) as a 213 
sustainability rating tool with the objective of quantifying the impact of using recycled materials in 214 
construction (Lee et al., 2011). The structure of BE
2
ST-in-Highways includes two layers, a mandatory 215 
screening layer and a judgement layer (Lee et al., 2013). The screening layer is the first evaluation 216 
and is used to ensure that the project conforms to all regulatory standards. The judgment layer 217 
includes the calculation of nine metrics related to environmental and economic assessments: 218 
greenhouse gas emission, energy use, waste reduction (by including ex situ materials), waste 219 
reduction (by recycling in situ materials), water consumption, social carbon cost saving (economic 220 
benefits associated with mitigation of climate change), life cycle cost, traffic noise, and hazardous 221 
waste. The calculations for the judgment layer are performed using the tool Pavement Life-cycle 222 
Assessment Tool for Environmental and Economic Effects (PaLATE) for LCA, FHWA’s Realcost 223 
program for LCCA and the TNM-LookUp table developed by the US FHWA to evaluate noise 224 
reduction (Lee et al., 2011). The metrics are each weighted on a 0 to 1 scale to represent their degree 225 
of achievement towards goal targets. 226 
Scoring a pavement project using the BE
2
ST-in-Highways system is a two-step procedure. 227 
First, the criteria in the mandatory screening layer must be met; no points are awarded in this step. 228 
Secondly, the relative improvement of the project as compared to a reference project is evaluated 229 
across the nine metrics. The tool defines targets and points are awarded based on the achievement of 230 
these targets. For example, a twenty percent reduction in greenhouse gas emissions in comparison to a 231 
reference project is awarded two points. Of the reviewed pavement sustainability assessment tools, 232 
BE
2
ST-in-Highways is the only tool that scores a project based on measurable outcomes of the project 233 
from a systems perspective, as opposed to scoring a project based on the individual components of the 234 
pavement system. 235 
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2.2.5. Additional Transportation Sustainability Assessment Tools 236 
Several additional sustainability rating tools were not discussed in the previous sections, such 237 
as the HTMA Sustainable Highway Maintenance Tool (HTMA, 2014) or the Transportation 238 
Association of Canada Green Guide for Roads (Royal Roads University, 2014). In general, these 239 
sustainability assessment tools are designed for road sustainability, although some may be used in 240 
sustainability assessment regarding pavements. Furthermore, the structure and framework of these 241 
tools are similar to the rating systems that were described, even though they may maintain goals and 242 
audiences specific to the individual tool.  243 
2.3. Discussion of Current Pavement Sustainability Assessment Tools 244 
The benefit of each of the previously described sustainability assessment tools is that they are 245 
accompanied by clear action steps relating to the sustainability objectives outlined in the tool and 246 
these actions can be implemented in the design and construction of pavements. The structure of the 247 
rating tools that were reviewed, along with many others not detailed in this paper, is a guided 248 
framework to promote activities that are expected to result in more sustainable pavements, which is 249 
beneficial to informing decision makers of sustainable practices (Johansson, 2011). With the 250 
exception of the BE
2
ST-in-Highways system, pavement sustainability assessment tools do not 251 
measure resulting changes in environmental, social or economic burdens from a systems perspective. 252 
Yet, although the BE
2
ST-in-Highways system measures outcomes from a systems perspective, the 253 
criteria that it deems to contribute to sustainability are limited and are mainly environmental 254 
indicators. The remainder of the tools are designed on the fundamental assumption that implementing 255 
best practices represents progress towards more sustainable pavements; however, there is little regard 256 
given to the system outcomes or the potential interactions or co-linearity between the impacts of 257 
carrying out actions collectively.  258 
Each of the sustainability assessment tools described previously connects practices that are 259 
designed to represent improvements in sustainability to related goals. If practices are planned or 260 
completed, points are awarded suggesting progress toward achieving the sustainability goal. The 261 
implementation of practices effectively becomes an indicator for sustainable performance. This 262 
process is problematic because practices may not be evaluated collectively, which has several 263 
implications including developing assessments where some goals become implicitly more important 264 
than others by potentially considerable margins. In other words, the set of actions taken (e.g., 265 
increased recycling or decreased asphalt mixing temperature) will affect each project to a different 266 
and unique extent. Without evaluating outcomes, the contribution of each action towards a specific 267 
objective or goal is unknown. Additionally, there is an assumption that actions equate to outcomes. 268 
Bossel (1999) explains the limitations of measuring the progress towards sustainability using a 269 
set of indicators that is developed in an ad hoc manner without consideration of the systems 270 
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perspective, which is the case with the majority of pavement sustainability assessment tools. To 271 
describe these shortcomings, Bossel (1999) stated, 272 
“…these lists must be criticized on several counts: (1) they are derived ad hoc, 273 
without a systems theoretical framework to reflect the operation and viability of the total 274 
system; (2) they always reflect the specific expertise and research interest of their 275 
authors; (3) as a consequence of (1) and (2), they are overly dense in some areas 276 
(multiple indicators for essentially the same concern), and sparse or even empty in other 277 
important areas. In other words, they are not a systematic and complete reflection of the 278 
total system, i.e., human society in interaction with its natural environment” (p. 12). 279 
This helps to explain how some goals can be over emphasized.  280 
As an example of the limitations of ad hoc evaluation, all of the tools that have been explored in 281 
this paper include the increased use of recycled materials as an indicator towards more sustainable 282 
road pavements. The main reasons for increasing recycled materials in pavements are: reduced 283 
environmental impacts, reduced costs, reduced amount of virgin materials used (i.e. conservation of 284 
resources), and reduced waste materials that require disposal, which also results in reduced land take. 285 
Using this practice as an indicator, increased use of recycled materials is a policy that may have 286 
various different benefits that address sustainable outcomes. Conversely, as presented in Ventura et al. 287 
(2008), increased recycled material in a pavement can potentially also negatively impact other 288 
indicators such as increase greenhouse gas emissions; thus defining the increased use of recycled 289 
materials as an increase in sustainability neglects the complex systems interaction that exists between 290 
the many indicators of sustainability (see section 4.2 for an example). Therefore, as opposed to a 291 
collection of individual indicators, sustainability should be measured by a net reduction in 292 
environmental or economic impacts or an overall improvement in quality of life. 293 
Use of the results of environmental LCA within a sustainability rating tool can address a number 294 
of outcomes, or environmental impact categories. However, they generally do not include all 295 
environmental impacts (e.g., noise) and social impacts only indirectly (e.g., human health impacts 296 
resulting from environmental degradation, for instance from depletion of the ozone layer) or not at all 297 
(e.g., employment). While pavement LCA and LCCA has developed in recent years, there are still 298 
significant limitations in its application, particularly across the full life-cycle (Jorgensen et al. (2010), 299 
Santero et al (2011), Galatioto et al.  (2015)) or in transparency and comparability (Glass et al. 300 
(2013)). 301 
Furthermore, the shortcomings of indicators used in current tools to address outcomes can be 302 
highlighted by applying the DPSIR (driver, pressure, state, impact, response) framework used by the 303 
European Environmental Agency to understand the relationships between the environment and socio-304 
economic activities (EEA 2007). In the DPSIR framework, the economic and social needs for a 305 
pavement can be represented as Drivers and the pavement construction creates Pressures on the 306 
natural environment, ultimately leading to a change in the State of the environment. The changed 307 
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State has Impacts on the surrounding systems and elicits a societal Response to mitigate the impacts. 308 
The Response may address the Drivers, or the resulting Pressures, State, or Impacts directly (Figure 309 
1). This is representative of how the response may have greater influence on the system although it is 310 
designed for the purpose of addressing the impact. This framework for environmental impacts is 311 
described in Smeets and Weterings (1999) and OECD (2003) among other sources.  312 
 313 
Figure 1 The DPSIR framework showing the relationship between socio-economic activities 314 
and the environment through a simplified causal interaction (Smeets and Weterings, 1999). 315 
The majority of actions defined in pavement sustainability assessment tools are Responses that 316 
are designed to reduce the Pressure that the pavement system generates on the natural environment, 317 
society and economic budgets in order to produce a more sustainable state with fewer undesirable 318 
Impacts. As opposed to evaluating the Impact that results from sustainable Responses (e.g., measuring 319 
the reduction in global warming potential), modern pavement sustainability assessment tools treat the 320 
implementation of the Responses as the indicator for sustainability. This implies that the relationships 321 
between the Responses to individual Pressures and the changes in the State of surrounding systems 322 
(e.g., the natural environment), or the Impacts of this change in state is monotonic, which, given the 323 
highly complex nature of the interactions between the various systems where pressure is applied, may 324 
not be a reliable assumption. 325 
Continuing with the DPSIR framework, one example of developing Responses to address a 326 
Pressure is the US legislation in 1991 that mandated the use of tire rubber in all new paving projects 327 
that received federal funding by 1994 (Amirkhanian, 1993). The legislation was a Response to the 328 
Pressure generated by large amounts of waste tires stockpiled across the US creating a negative 329 
Impact on the natural environment (Eldin & Piekarski, 1993). This legislation, however, was expected 330 
to increase costs of the pavement projects (Amirkhanian, 1993), which would have a significant effect 331 
on economic budgets. Legislation requiring the use of tire rubber in pavements is a simple example of 332 
why the outcomes of practices for sustainable pavements should be viewed as a system as opposed to 333 
addressing individual components of the pavement. As stated in Fiskel (2006), “Integrated assessment 334 
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of sustainable systems cannot be accomplished by simply linking together a collection of domain 335 
specific models” (p. 17). In order to assess the sustainability of pavements, the unexpected Pressures 336 
or Impacts resulting from seemingly unrelated Responses must be assessed. A pavement should only 337 
be considered more sustainable if the total system shows a reduction in negative pressures or negative 338 
impacts to external systems, relative to common practice.  339 
Finally, defining the system boundary is an essential step in an LCA study that helps to define 340 
the study scope but also assists interpretation of the results by acknowledging what processes or 341 
environmental impacts lie outside the study. Similarly, defining the ‘total system’ considered in a 342 
broader sustainability assessment is an important step for the same reasons but in some pavement 343 
sustainability rating tools, this step is missing, leaving the impression that the system is defined by the 344 
indicators or metrics, rather than the other way around. Limitations are not acknowledged and 345 
assumptions are not considered or declared. 346 
3. Approaching a Systems View through Performance Management 347 
This section presents an approach to viewing sustainability assessment from a more systematic 348 
perspective, as well as a method for linking sustainability assessment to an agency’s performance 349 
management practices. Focusing on the system lends itself to the application of performance 350 
management; the ongoing and systematic approach to improving outcomes by using evidence-based 351 
decision making, continuous learning, and emphasizing accountability for performance. By adopting a 352 
performance management approach, the Impacts of Responses towards sustainability objectives may 353 
be evaluated.  354 
Figure 2 integrates the DPSIR framework within a performance management framework and 355 
establishes an evaluation process for responsive actions that is based on sustainability objectives. The 356 
ellipses represent the established DPSIR framework (from Figure 1) and the shaded shapes represent 357 
the performance management framework. A critical component of the performance management 358 
framework is identifying strategic Goals and specific Objectives, which should then be used to guide 359 
actions. In this case, the actions align with the Responses from the DPSIR framework; therefore, the 360 
Responses to environmental impacts should react to sustainability Objectives and not directly to the 361 
environmental stimuli. To achieve this, the performance management cycle identifies Performance 362 
Indicators to evaluate the Response and its ability to meet a performance target or other criteria 363 
regarding the associated Impact. The evaluation is conducted using data collected about the Impacts 364 
and the results are assessed against the Objectives and used to adjust the Response. The iterative 365 
process developed by integrating the DPSIR and performance management frameworks can evaluate 366 
and adjust a Response to undesirable environmental Impacts based on sustainability Objectives and 367 
therefore helps to assess the outcomes of the system. Furthermore, the demonstrated approach links 368 
performance Targets directly to Responses and hence the State of the environment or its Impacts, 369 
providing clarity in Target setting. 370 
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 372 
Figure 2 The DPSIR framework within a performance management framework to evaluate 373 
system outcomes 374 
As discussed in the previous section, the DPSIR model is a system-level framework for 375 
considering environmental impacts that can help explain the interaction between system inputs – in 376 
the form of Drivers, Pressures and environmental States – and project-level outcomes/impacts and 377 
practices/responses. According to the DPSIR framework, the Response is determined based on the 378 
Impact observed, or the outcome. The Response is the practice or strategy for addressing the Impact, 379 
which is a result of the Drivers, Pressures and the environmental State. In this application, the 380 
Response should be assessed for its ability to address Impacts to meet the sustainability policy 381 
objectives. Many assessment tools use the Response in and of itself as the measure of sustainability as 382 
opposed to measuring its effect on the Impact. The framework in Figure 2 also helps illustrate that the 383 
Responses and the Indicators are not one and the same. The framework outlines that assessments 384 
should create Performance Indicators with Targets, use data to evaluate the Impacts in relation to the 385 
sustainability objectives, and then use this information to inform the pavement construction and 386 
management strategies. This application creates a performance management cycle integrated with the 387 
DPSIR model and provides a system framework to understand sustainability outcomes of project 388 
outputs.  Incorporating performance management draws connections between inputs, outputs and 389 
outcomes by following the implementation of a strategy to evaluate performance in an iterative 390 
fashion and then managing the strategy based on the results.  391 
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3.1. Demonstrating Sustainability Assessment Based on Performance Management 392 
The example in Figure 3 demonstrates an aspect of a sustainability assessment based on the 393 
performance management framework shown in Figure 2. The Goal is a high-level aim such as 394 
preserving the natural environment. The Objective follows and should be achievable and actionable. 395 
For example, the Objective in Figure 3 is to conserve resources, and one Response to address this 396 
Objective is to use recycled material in pavement construction and maintenance. Performance 397 
Indicators reflect the Goals and Objectives and are preferably outcomes-oriented. For example, it is 398 
useful to know the percent of recycled material used to meet the Objective; however, we want to 399 
examine the outcomes of this Response, which is why the DPSIR framework is adopted. Some 400 
Performance indicators for this case are energy consumption and GHG emissions from production and 401 
transport of materials, virgin material use and waste diverted from landfills (to preserve land 402 
resources) etc., perhaps with further indicators from evidence based assessments such as 403 
consequential LCA to assess changes from current practice. These Performance Indicators, when 404 
measured for a given project, provide information on outcomes and towards achieving the Objectives 405 
and Goals. The evaluation of these indicators starts by setting Targets that may be based on models, 406 
estimates, or past evidence. For example, the Target may be a maximum level of virgin material or a 407 
percentage decrease in GHG emissions from material production. Finally, the measured results, based 408 
on data acquired about the impacts, reflect outcomes that directly related to the Objectives. 409 
The chosen Response (to increase the use of recycled materials), if successful, will change the 410 
quality or State of the environment and available resources, and slow resource depletion, perhaps the 411 
most obvious of the Impacts of the Pressure exerted by resource use. The Performance Indicators will 412 
provide the evidence for this, although considering the broader system and potential Impacts might 413 
identify where further evidence and Performance Indicators may be required. These might include 414 
biodiversity measurements; although it may be decided that this is outside the scope of the Objective 415 
stated here, it is likely to be within the scope of overall Goal. Identified Impacts outside the scope of 416 
any Goals and Objectives should be recognized and acknowledged. While the Response chosen for 417 
this example will mitigate the identified Pressure, a wider set of resources (e.g. fuels) should be 418 
considered in a systematic approach. Finally, the Response will not affect the Driver, which is a result 419 
of socio-economic demands that require transport policy responses, beyond those of pavement 420 
construction (e.g. demand management or alternative transport systems). 421 
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 422 
Figure 3 Example Application of Applying the Framework Shown in Figure 2 423 
4. Defining Indicators of Sustainable Improvements in Pavements 424 
The relationship between inputs, outputs and outcomes is important to understand in order to 425 
address how outcomes can be evaluated by sustainability assessments. Inputs are resources used to 426 
accomplish work (including money, people, materials, influence, knowledge, etc.). The work that is 427 
accomplished, which results in products or services is referred to as outputs. Finally, outcomes are the 428 
impacts of the work accomplished (i.e. outputs) on end users (Baird and Stammer 2000). The ability 429 
to measure outcomes relies on attributing them to outputs or other actions. As was discussed 430 
previously, sustainability assessments are often not measuring outcomes; rather they are using 431 
Responses to Impacts as proxies for outcomes, assuming that implementation of these Responses will 432 
result in more sustainable outcomes. The evaluation of sustainable outcomes requires indicators, or 433 
metrics, that measure performance outcomes that correspond to desired objectives.  434 
To connect objectives of enhanced sustainability to Performance Indicators, a three tiered 435 
objective hierarchy framework was developed (fundamental objective with two levels of means 436 
objectives) that represents the strategic objectives (Figure 4). These objectives can then be used to 437 
guide road pavement projects and their use of materials and technologies to promote the strategic 438 
sustainability objectives. The objective hierarchy framework sets maximizing sustainability as the 439 
Goal
Objective
Response
Increase the use of 
recycled material in 
the production of 
pavements
Performance 
Indicators
Target
Data
Evaluation
Driver – Traffic growth leading to pavement 
construction and maintenance
Pressure – Resource use
State – Resources available, Biodiversity, 
GHG concentration, etc.
Impacts – For example: Resource depletion, 
biodiversity loss, global warming potential, 
resource costs, etc.
Preserve the Natural Environment & Ecosystems
Maximize healthy resources
For example: GHG emissions (production, 
transport), Virgin material use, Waste diverted from 
landfills, Energy consumption (production), etc.
Developed based on models and data
Results from evidence based 
assessment (e.g., LCA) conducted 
to determine impacts
Is response adequate to meet the 
objective and targets?
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fundamental objective and the objectives leading towards maximizing sustainability are defined with 440 
a top down approach. Youker and Brown (2001) discuss the use of this type of objective hierarchy to 441 
answer specific questions regarding the achievement of goals. Given that sustainability assessment 442 
tools for pavements are ultimately designed to enhance the decision-making process, a process similar 443 
to that defined by Keeney (2007) was followed to develop an objective hierarchy. It is important to 444 
note that systems designed for different purposes will have different hierarchies of objectives. For the 445 
case of pavements, no decision is made about the geometry of the road; therefore the preservation of 446 
ecosystems is associated with a different set of means objectives than if the road as a whole were 447 
considered. The objective hierarchy is defined in Figure 4 and shows that the goal is to maximize 448 
positive impacts towards each objective at the base of the hierachy. The base-level objectives are 449 
derived from an aggregation of the objectives from the previously discussed sustainability assessment 450 
tools and the core set of indicators set by the Organisation for Economic Co-operation and 451 
Development (OECD, 2003). The base level of objectives reflect the means objectives, or objectives 452 
that are directly actionable. Achievement towards each of the means objectives can be measured using 453 
specific indicators. 454 
Increase the Level of Sustainability 
With Respect to Pavements
Preserve the Natural 
Environment and Ecosystems
Enhance Human Capital
Healthy 
People
Healthy 
Community
Healthy 
Economy
Healthy 
Resources
(Land)
Healthy 
Climate
Healthy 
Water and 
Aquatic Life
Healthy 
Resources
(Energy)
Healthy 
Air
Maximize Positive Impacts Towards or Minimize Negative Impacts Towards
Healthy 
Soil and 
Plants
Healthy 
Eco-
Systems455 
 456 
Figure 4 Goal/Objective Hierarchy for Enhancing the Sustainability of Pavements 457 
Three important points must be discussed about the development of the goal and objective 458 
hierarchy as shown in Figure 4 and its implications. First, the analytical structure of any decision 459 
problem is dependant not only on the fundamental goal, but also, it is highly dependent on the values 460 
expressed by stakeholders. This is the rationale behind many agency-specific sustainability 461 
assessment tools. To overcome this, at least in part, the means objectives were defined thoroughly and 462 
broadly, accounting for the objectives revealed through the assessment tools that were reviewed. 463 
Secondly, as will be discussed in more detail in the following sections of this paper, the base-level 464 
means objectives occur over different time and spatial scales. Finally, the structure defined in Figure 4 465 
deviates from the triple bottom line approach to sustainability and treats the economy as a process 466 
embedded with human capital, similar to the definition of strong sustainability as discussed in Adams 467 
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(2006) and Johansson (2011).  Asking “why?” (as in Youker and Brown, 2001) can justify this 468 
positioning. Asking “Why is a healthy economy important?” may lead to an argument that a healthy 469 
economy can facilitate better environmental decisions; however, decisions about the economy are 470 
ultimately embedded within the human/social context. In other words, the natural environment is not 471 
reliant on the economy independent of human involvement, but human capital uses economic tools to 472 
develop the infrastructure through which it interacts with the natural environment. 473 
4.1. Categorizing Impacts of Current Pavement Sustainability Assessment Tools 474 
After defining an objective hierarchy, the next step is to define indicators to measure achievement 475 
towards the goals. Ideally, each of the means objectives defined in Figure 4 would be processed 476 
further into more fundamental objectives (e.g., healthy water could be further defined as minimizing 477 
eutrophication, minimizing water use, etc.). This research however, leaves the means objectives 478 
defined more broadly and instead provides indicators that can be used to assess progress towards more 479 
sustainable pavements for the given means objectives. To do this, the indicators defined in the four 480 
sustainability rating tools discussed previously (Greenpave, BE2ST-in-Highways, FHWA’s INVEST 481 
paving scorecard, and Greenlites) were collected, and the sustainable transportation categories 482 
presented in Black (2004) were also considered. In order to define the indicators, all pavement 483 
activities including shoulder and base work, were assumed within the boundaries of the analysis. 484 
Earthwork such as  leveling berms was not included. 485 
Many of the sustainability rating tools do not define indicators explicitly, but instead, they define 486 
actions that are related to one or more impacts on the desired objectives. For example, assessment 487 
tools increase the sustainabilty score if a project implements in-situ recycling of the pavement. In-situ 488 
recycling of the pavement is linked to several benefits including, reduced lifecycle costs, reduced 489 
environmental impacts and reduced construction time, which is expected to reduce time lost for 490 
vehicles in construction queues (Yang et al., 2015, Giani et al., 2015, Santos et al., 2015). There are, 491 
however, more direct ways to evaluate impacts on the means objectives than through the 492 
implementation of related actions.  493 
The indicators from each of the sustainability assessment tools were collected and added to a 494 
spreadsheet where they were categorized based on their impacts on the means objectives defined in 495 
Figure 4. Many of the indicators had primary impacts related to multiple objectives and were counted 496 
in each of the objectives that they impact. Then the impacts were arranged across three spatial scales, 497 
drawing upon standard practice in LCA impact assessment methods such as TRACI (Bare, 2011) and 498 
supported by literature showing that some mechanisms (e.g., global warming potential) have global 499 
effects, but other mechanisms (e.g., terrestrial acidification) have regionalized impacts (Huijbregts et 500 
al., 2013). Finally, unlike the process used in Greenpave, not all of the indicators could be linked to 501 
specific objectives, and therefore, all of the indicators defined in the sustainability assessment systems 502 
could not be categorized within the set of means objectives. This discontinuity between indicators and 503 
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objectives highlights the need for an analytical assessment to address sustainable outcomes and its 504 
potential to support an approach to pavement sustainability that promotes best practices. 505 
Best practices have a place in sustainability assessments. For example, many pavement 506 
sustainability assessment tools include an indicator relating to monitoring construction quality. This is 507 
because having a construction quality management plan is expected to increase the probability of a 508 
project meeting performance and cost goals, thus reducing the need for environmentally and 509 
economically costly repairs. In this way, a well-managed asset is not necessarily a more sustainable 510 
asset, but a well-managed asset can increase the probability that certain sustainability goals will be 511 
achieved. This research does not include monitoring quality management of projects, or other best 512 
practices as sustainability indicators, but it is recognised that such practices and activities may 513 
improve the overall delivery of the project resulting in indirect sustainable outcomes. However, there 514 
is no stated, direct link between quality management and sustainability objectives or outcomes in the 515 
tools and as a result, these indicators fall outside the framework developed here. To do so, the quality 516 
measure (e.g., initial roughness) would need to be linked to an outcome (i.e., reduced fuel 517 
consumption and hence resource use or GHG emissions). 518 
Similar to how impacts can be arranged across spatial scales, impacts vary across time and can be 519 
organized across temporal scales as well. For example, construction noise occurs over a short time 520 
frame whereas climate change occurs over an extended time frame. Additionally, impacts  may affect 521 
multiple objectives across multiple timescales. For example, indicators linked to healthy soils and 522 
plants for a relatively short timescale (e.g., terrestrial acidification that can be recoverable) may 523 
impact food growth in future generations, which has impacts on social objectives. Also, it is well 524 
established that climate change will have an impact on human health (Goedkoop et al., 2009), as well 525 
as significantly impact healthy communities by affecting food growth (Leclère et al., 2014) over a 526 
long timescale. Pavements are typically long-lived because they undergo progressive M&R rather 527 
than being entirely replaced, so their end-of-life is difficult to define. However, aligning the impacts 528 
with different timescales introduces substantial  uncertainties. Fortunately, if all else is equal, it is not 529 
expected that a reduction in impacts over a short time frame will lead to negative outcomes in future 530 
objectives, thus, the indicators in this paper will not address temporal scales and will focus on spatial 531 
divisions. 532 
The objectives of the pavement sustainability assessment tools were distilled into their most basic 533 
impacts, and with input from several impact assessment sources, they were used to generate Table 1. 534 
Indicators from the assessment tools were not included in Table 1 if they showed no direct impact or 535 
if an action evidenced no change towards fulfilling objectives. For example, it is noted in Eisenman 536 
(2012) that there is no evidence that simply conducting an LCA, which is awarded two points in the 537 
Greenroads system, will lead to a more environmentally-friendly final outcome. A similar statement 538 
can be made about LCCA or Environmental Review Processes when it is not required that the 539 
decision makers compare multiple alternatives in an attempt to improve the anticipated outcomes.  540 
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Still, several criteria in Table 1 can be calculated directly by using pavement LCA tools or impact 541 
assessment methodologies. The remaining indicators -  LCCA, queueing analysis, community 542 
outreach, construction and traffic noise, crash risk reduction and runoff quality – are evaluated using 543 
other means. There are several standardized methods for LCCA and queuing analysis (e.g., Realcost  544 
(FHWA, 2004)). The US FHWA has released methods for noise related measurements (FHWA, 545 
2015a) and crash risk reduction can be defined in terms of increased pavement friction, which is 546 
related to the expected number of crashes on a roadway (e.g., Hall et al., 2009). Runoff quality can be 547 
estimated using a number of widely available methods (FHWA, 2015b). Finally, although not 548 
currently measurable in quantitative terms, community education and community outreach can be 549 
assessed qualitatively, although this may not be true of their outcomes. 550 
Table 1 Indicator Criteria Defined for Each Means Objective in Figure 4 551 
 Means 
Objectives 
Local Indicators Regional Indicators Global Indicators 
N
a
tu
ra
l 
E
n
v
ir
o
n
m
en
t 
a
n
d
 E
co
sy
st
em
s Healthy 
Water and 
Aquatic Life 
Eutrophication, 
Ecotoxicity, Water 
Consumption 
Aquatic 
Acidification, Runoff 
Quality 
Ozone Depletion 
 
Healthy Soil 
and Plants 
Ecotoxicity Terrestrial 
Acidification 
Ozone Depletion 
Healthy Air Ecotoxicity Photochemical Ozone 
Creation Potential 
Ozone Depletion 
Healthy Land 
Resources 
Land Take Mineral Resource 
Depletion 
n/a 
Healthy 
Energy 
Resources 
n/a n/a Non-renewable 
energy use 
Healthy 
Climate 
n/a n/a Global Warming 
Potential 
H
u
m
a
n
 C
a
p
it
a
l Healthy 
People 
Human Health 
Criteria, Construction 
Noise, Traffic Noise 
Crash Risk Reduction n/a 
Healthy 
Community 
Time lost due to 
queuing at construction 
or maintenance 
Community 
Education/Outreach 
n/a 
Healthy 
Economy 
Life Cycle Cost Analysis n/a 
 n/a = not applicable 552 
Within pavement LCA, output flows of pollutants are estimated, and then translated into impacts 553 
in terms of how the pollutants affect particular systems (i.e., mid-point indicators), or how the changes 554 
to the system ultimatley impact more fundamental objectives, such as impact on human health (i.e., 555 
end-point indicators). For a more thorough discussion on the differences in pollutant flows, mid-point 556 
inidcators and end-point indicators, see Goedkoop et al. (2009), among other sources. It is important 557 
to note that when environmental impacts are estimated through mid-point and end-point calculations, 558 
they can be broader than is presented in Table 1. For example, climate change can be linked to several 559 
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ecosystem and human health concerns (Goedkoop et al., 2009). Another example is that energy 560 
resource depletion can lead towards more costly energy in the future. These two examples are 561 
indicative of the fact that no indicator can represent single objectives without also impacting other 562 
objectives. Finally, many of the environmental indicators and the land use calculations are  explained 563 
in detail in impact assessment methodologies such as IMPACT 2002+ (Humbert et al., 2012) or 564 
ReCiPe (Goedkoop et al., 2009). 565 
There are instances in Table 1 where objectives are limited to one or two spatial scales; these 566 
objectives are labeled “n/a” for scales that are not applicable. For example, the depletion of energy 567 
resources is not expected to have local or regional indicators because the impact is at the global scale, 568 
given that energy resources are traded on a global market.  569 
Healthy Economy in Table 1 is defined by LCCA, but as discussed in Jorgensen et al. (2010), 570 
costing methods may not be the best approach for including economic impacts in sustainability 571 
assessments. The economy is a reactionary system, and the impacts of road construction on long-term 572 
economic outcomes are highly uncertain. Although it is true that the relationship between roads and 573 
economic prosperity has been evidenced in the literature (e.g., Bryceson et al., 2008), it is also 574 
anticipated that in the near future higher costs will be required to mitigate negative effects of global 575 
climate change, which are also directly impacted by the density of road infrastructure (Chinowskya et 576 
al., 2013). Therefore, minimizing LCCA results may not be the best approach to a healthy economy; 577 
however, in the absence of a more appropriate method for measuring healthy economic impacts, 578 
LCCA can provide useful information for decisions based (at least partly) on economic outcomes. 579 
4.2. Linking to Sustainability Assessment 580 
As previously discussed, it was found that the majority of pavement sustainability assessment 581 
methods recommend a set of best practices (Responses) that are expected to increase the level of 582 
sustainability of pavements. Generally, it is assumed that this will be achieved by improving the State 583 
of the environment in some respect(s) and hence reducing adverse Impacts (e.g., reducing GHG 584 
emissions and hence their concentration in the atmosphere, leading to reduced GWP and the projected 585 
Impacts on environmental and human health) although this is best done at a system level. Some 586 
practices, or Responses, may also be considered to reduce Pressure on the environment (e.g., by 587 
reducing land take through reduced use of materials) although the relationship between the Response 588 
and the Pressure in this case is unlikely to be simple. Few Responses suggested in pavement 589 
sustainability rating tools address Drivers but these are usually considered at a transport network or 590 
policy level (e.g., transport demand). 591 
There may be several cases, however, where a practice that improves one component of the 592 
pavement system adversely affects other components of the system. As an example, we evaluate the 593 
case of a 10 cm mill and overlay on a 3.6 m wide lane that is 5 km long. The mix data and basic 594 
construction equipment details are shown in Table 2 and Table 3, respectively. The mix design from 595 
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Ventura et al. (2008) was used for two separate mixes: one mix contains 10 percent reclaimed asphalt 596 
pavement (RAP) where the aggregates must be transported 10 km to the plant and the mix 10 km to 597 
the site, and the other mix contains 20 percent RAP where the aggregates must be transported 10 km 598 
to the plant and the mix 89 km to the site. Assuming each pavement has an international roughness 599 
index after construction of less than 0.65, the first mix (10 percent RAP) will result in a pavement that 600 
is not rated as sustainable using the Greenpave procedure. The second mix (20 percent RAP) will be 601 
labelled Bronze using the Greenpave procedure. With all else equal, the mix with 20 percent RAP 602 
improves mineral resource depletion and land-take metrics by reducing material use and reducing the 603 
amount of waste materials needing disposal. Yet when an LCA was conducted using the ECO-604 
comparator applied to Road Construction and Maintenance (ECORCE M; Dauvergne et al., 2014), it 605 
found that emissions, energy consumption and ecotoxicity values, among other criteria, were made 606 
significantly worse for the case rated Bronze by Greenpave (Table 4). Without an evaluation of how 607 
system Impacts are affecting the Objectives (see Figure 2), holistic sustainability  is not captured by 608 
assessment tools and benchmarking or Target setting may not address the projected Outcomes. It is 609 
for this reason that applying a performance-based framework is proposed. By incorporating a 610 
feedback loop to evaluate the estimated Impacts in light of sustainability objectives, a systems 611 
approach is taken for sustainability assessment.  612 
  613 
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Table 2 General asphalt mix and tack coat design data 614 
Asphalt 
Component Name 
% by 
Weight for 
each mix 
Assumed 
Density 
(kg/m3) 
 Tack Coat 
Component Name 
% 
Weight 
Assumed 
Density (kg/m3) 
Bitumen  
(Assume 
PG70-22 or Grade 
50/70) 
4.68/4.18 1250  Bitumen 65.0 1250 
RAP 10/20 1600  Water Emulsion 34.4 1000 
∑Aggregates 85/75 1520 
 Acid 0.3 980 
 SBS Elastomer 0.3 1050 
Table 3 Basic construction equipment details 615 
Operation Brand/Model of 
Equipment 
Fuel    
Consumed (L/h) 
Water 
Consumed (L/h) 
Milling Wirtgen W2100 94.0 1260.0 
Sweeper Bobcat S630 11.0 520.0 
Tack Coat (Spray Truck) Mack CHU613 16.0 0 
Paver  Dynapac SD2550C 37.0 0 
Breakdown Compactor (2) Dynapac   CP 142 14.0 15.0 
Finishing Compactor Dynapac 
CC324HF 
14.0 15.0 
Table 4 Limited LCA results for 10 percent and 20 percent RAP pavements 616 
Pavement Greenhouse Gas 
Emissions (kg eq.CO2) 
Energy 
Consumption (MJ) 
Chronic 
Ecotoxicity (kg eq. 
1,4DCB) 
10 Percent RAP 168,856 2,892,302 4,795,112 
20 Percent RAP 191,823 3,167,500 5,094,924 
5. Conclusions 617 
The simplified example in the previous section highlights a need for an analytical framework to 618 
measure pavement sustainability. Although simplifications can be made in order to develop a list of 619 
best practices for more sustainable pavements or a set of metrics to detect progress towards 620 
sustainable pavements, assumptions should not be made regarding the overall state of the system and 621 
sustainable outcomes. Improved performance measured by some indicators may lead to poorer 622 
performance as measured by others; therefore, trade-offs should only be evaluated for the final state 623 
of the pavement. These systems trade-offs can begin to be made by weighting the performance 624 
indicators based on the most important outcomes with respect to stated objectives (similar to the 625 
BE
2
ST-in-Highways system). Then the most sustainable solution can be defined as the one that best 626 
addresses the objectives as determined through the rating assessment.  627 
The current state of pavement sustainability assessment tools relies mainly on best practices, which 628 
are expected to increase the sustainability of pavements (e.g.,  promoting recycling or long life roads). 629 
Although these practices are generally expected to reduce the environmental impacts or life cycle 630 
costs associated with a project, it should not be assumed that these practices will necessarily result in 631 
a more sustainable pavement. Pavements are engineered systems and changes in one component of a 632 
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pavement design will influence several other aspects of the system. Based on this understanding, a 633 
systematic framework should be employed to measure the changes in sustainability outcomes 634 
resulting from decisions made regarding pavement design, construction and use. 635 
A more systematic framework for assessing changes in pavement sustainability was presented in 636 
this paper in an effort to improve the current state of pavement sustainability assessment, as well as to 637 
link sustainability assessment to performance management. Sustainability tools that promote best 638 
practices are important to engineering design and management, but data-driven, performance-based 639 
assessments are useful to support and improve decision-making for sustainable outcomes. An agency 640 
that wishes to promote recycling as a way to reduce environmental impacts should attempt to estimate 641 
those environmental impacts rather than simply working on assumptions. Analytical approaches for 642 
sustainability assessments can be used alongside a best-practice-based approach to verify decisions 643 
made and promote pavement sustainability. 644 
Pavements perform a critical role in the transportation sector, essentially connecting the movement 645 
of people and goods to the natural environment. Given the extent of pavements throughout developed 646 
countries and the development of sustainability science in recent years, it is clear that pavement 647 
sustainability plays a critical role in promoting more sustainable societies. The implementation of best 648 
practices for promoting more sustainable pavements can be improved by assessing their resulting 649 
outcomes using an analytical, decision-support tool, based on the methodology presented in this 650 
paper. This can greatly influence the environmental, economic and social impacts resulting from 651 
pavement construction and maintenance towards more sustainable outcomes.  652 
6. Acknowledgments 653 
The research presented in this paper was carried out as part of the Marie Curie Initial Training 654 
Network (ITN) action, FP7-PEOPLE-2013-ITN. This project has received funding from the European 655 
Union’s Seventh Framework Programme for research, technological development and demonstration 656 
under grant agreement number 607524. 657 
  658 
23 
 
7. References 659 
Adams, W., 2006. The Future of Sustainability: Re-thinking Environment and Development in the 660 
Twenty-first Century, Report of the IUCN Renowned Thinkers Meeting., Gland, Switzerland: 661 
The World Conservation Union. 662 
Amirkhanian, S., 1993. Utilization of Scrap Tires in Flexible Pavements - Review of Existing 663 
Technology. In: H. F. Waller, ed. ASTM STP 1193. Philadelphia: American Society for 664 
Testing and Materials, pp. 233-250. 665 
Australian Green Infrastructure Council, 2013. Australian Green Infrastructure Council IS rating 666 
scheme. [Online] Available at: http://www.agic.net.au/ISratingscheme1.htm; [Accessed 09 667 
October 2014]. 668 
Baird, M.E., and Stammer, R. E., 2000. Measuring Performance of the State Transportation Agencies: 669 
Three Perspectives. In Transportation Research Record: Journal of the Transportation 670 
Research Board, No. 1729, National Research Council, Washington, D.C., pp. 26-34. 671 
Bare, J., 2011. TRACI 2.0: The Tool for the Reduction and Assessment of Chemical and Other 672 
Environmental Impacts 2.0. Clean Technologies and Environmental Policy, 13, 687-696. 673 
Behr, C., 2014. A Value-Based Rating System for Envision. Proceedings of the International 674 
Conference on Sustainable Infrastructure: Creating Infrastructure for a Sustainable World. 675 
Long Beach, California, November 6-8, 2014, pp. 744-754. 676 
Bevan, T. et al., 2012. Invest V1.0. [Online]; Available at: 677 
https://www.sustainablehighways.org/INVEST_1.0_Compendium_Web.pdf; [Accessed 08 678 
October 2014]. 679 
Black, W. R., 2004. Sustainable Transport Definitions and Responses. Baltimore, MD, Transportation 680 
Research Board of the National Academies. 681 
Bossel, H., 1999. Indicators for Sustainable Development: Theory, Methods, Applications. Winnipeg, 682 
Manitoba: International Institute for Sustainable Development. 683 
Brodie, S., Ingles, A., Colville, Z., Amekudzi, A., Peters, R., and Sisiopikou, V., 2013. Review of 684 
Sustainability Rating Systems for Transportation and Neighborhood-Level Developments. 685 
Austin, TX, American Society of Civil Engineers, pp. 337-354. 686 
Bryceson, D. F., Bradbury, A., & Bradbury, T., 2008. Roads to Poverty Reduction? Exploring Rural 687 
Roads’ Impact on Mobility in Africa and Asia. Development Policy Review, 26(4), 459-482. 688 
Butt, A. A., Mirzadeha, I., Tollerb, S. & Birgissona, B., 2014. Life Cycle Assessment Framework for 689 
Asphalt Pavements: Methods to Calculate and Allocate Energy of Binder and Additives. 690 
International Journal of Pavement Engineering, 15(3-4), pp. 290-302. 691 
CBO, 2016. Approaches to Making Federal Highway Spending More Productive, Washington: United 692 
States Congressional Budget Office. 693 
Ceequal, 2013. Ceequal Version 5.1 Assessment Manual for Projects, London: Ceequal Ltd. 694 
24 
 
Chan, P. C. P., 2010. Quantifying Pavement Sustainability for Ontario Highways: MS Thesis, 695 
Waterloo, Ontario: University of Waterloo. 696 
Chinowskya, P. S., Priceb, J. C. & Neumannb, J. E., 2013. Assessment of Climate Change Adaptation 697 
Costs for the U.S. Road Network. Global Environmental Change, 23(4), pp. 764-773. 698 
Clevenger, C. M., Ozbek, M. E. & Simpson, S., 2013. Review of Sustainability Rating Systems used 699 
for Infrastructure Projects. San Luis Obispo, Associated Schools of Construction. 700 
Dauvergne, M. et al., 2014. ECORCE M Reference Manual, Nantes, FR: French Institute of Science 701 
and Technology for Transport Development and Networks (IFSTTAR). 702 
Davis, S., Caldeira, K. & Matthews, D., 2010. Future CO2 Emissions and Climate Change from 703 
Existing Energy Infrastructure. Science, Volume 329, pp. 1330-1333. 704 
DBIS, 2013. UK Construction: An economic analysis of the sector , London: Department for Business 705 
Innovation and Skills. 706 
Demich, G., 2010. A Greenscale for Continuous Improvement: Sustainability in Highway Design. 1 707 
ed. Denver: Lochner, Inc.. 708 
EEA, 2007. The DPSIR Framework used by the EEA. [Online] Available at: 709 
http://ia2dec.pbe.eea.europa.eu/knowledge_base/Frameworks/doc101182; [Accessed 5 710 
November 2015]. 711 
Eisenman, A. A. P., 2012. Sustainable Streets and Highways: An Analysis of Green Roads Rating 712 
Systems: Masters Thesis, Atlanta: Georgia Institute of Technology. 713 
Eldin, N. & Piekarski, J., 1993. Scrap Tires: Management and Economics. Journal of Environmental 714 
Engineering, 119(6), pp. 1217-1232. 715 
European Commission, 2006. Communication from the Commission to the Council and the European 716 
Parliament on the review of the Sustainable Development Strategy - A platform for action, 717 
Brussels: Council of the European Union. 718 
FHWA, 2004. Realcost version 2.1: User Manual. Washington, DC, Federal Highway Administration: 719 
Office of Asset Management. 720 
FHWA, 2014. INVEST v1.0. [Online]; Available at: https://www.sustainablehighways.org/; 721 
[Accessed 08 October 2014]. 722 
FHWA, 2015. Environmental Review Toolkit: Stormwater Management. [Online] Available at: 723 
http://www.environment.fhwa.dot.gov/ecosystems/wet_storm.asp; [Accessed 27 March 724 
2015]. 725 
FHWA, 2015. Highway Traffic Noise. [Online]; Available at: 726 
http://www.fhwa.dot.gov/environment/noise/; [Accessed 27 March 2015]. 727 
Fiskel, J., 2006. Sustainability and Resilience: Toward A Systems Approach. Sustainability: Science, 728 
Practice, & Policy, Volume 2, pp. 14-21. 729 
25 
 
Galatioto, F., Huang, Y., Parry, T., Bird, R. and Bell, M., 2015 Traffic Modelling In System 730 
Boundary Expansion Of Road Pavement Life Cycle Assessment. Transportation Research 731 
Part D: Transport and Environment. 36 65-75. 2015 732 
Giani, M., Dotelli, G., Brandini, N., Zampori, L., 2015 Comparative life cycle assessment of asphalt 733 
pavements using reclaimed asphalt, warm mix technology and cold in-place recycling. 734 
Resources, Conservation and Recycling, No. 104(a), pp. 224-238. 735 
Glass, J., Dyer, T., Georgopoulos, C., Goodier, C., Paine, K., Parry, T., Baumann, H. and Gluch, P., 736 
2013. Future Use of Life-Cycle Assessment in Civil Engineering. Proceedings of the 737 
Institution of Civil Engineers, Construction Materials, 166 (4), 204-212. 738 
Goedkoop, M. et al., 2009. ReCiPe 2008, A Life Cycle Impact Assessment Method Which Comprises 739 
Harmonised Category Indicators At The Midpoint And The Endpoint Level; First edition 740 
Report I: Characterisation. [Online]; Available at: http://www.lcia-recipe.net; [Accessed 5 741 
December 2014]. 742 
Gudmundsson, H., Harmer, C., Hewitt, A., & Jensen, A. V., 2013. Sustainability Definitions for 743 
NRAs - Framework Part 1. Kongens Lyngby: Technical University of Denmark. 744 
Hall, J. et al., 2009. NCHRP Project 01-43: Guide for Pavement Friction, Washington, DC: National 745 
Cooperative Highway Research Program. 746 
HTMA, 2014. Highways Term Maintenance Association. [Online]; Available at: 747 
http://www.htma.info/utilities/download.BDCF6267-88D0-495B-BEA70E65E87E07D6.html 748 
[Accessed 9 October 2014]. 749 
Hossain, U., Poon, C.S., Lo, I., Cheng, J., 2016 Comparative environmental evaluation of aggregate 750 
production from recycled waste materials and virgin sources by LCA. Resources, 751 
Conservation and Recycling, No. 109, pp. 67-77. 752 
Huang, Y., Bird, R. N. & Heidrich, O., 2007. A Review of the Use of Recycled Solid Waste Materials 753 
in Asphalt Pavements. Resources, Conservation and Recycling, 52(1), pp. 58-73. 754 
Huang, Y., Spray, A. & Parry, T., 2013. Sensitivity Analysis of Methodological Choices in Road 755 
Pavement LCA. International Journal of Life Cycle Assessment, Volume 18, pp. 93-101. 756 
Huijbregts, M. A. J. et al., 2013. LC Impact Version 0.1. [Online]; Available at: http://www.lc-757 
impact.eu/downloads/documents/Overall_report_Batch_1_FINAL.pdf; [Accessed 5 758 
December 2014]. 759 
Humbert, S. et al., 2012. IMPACT 2002+: User Guide, Lausanne, Switzerland: Quantis. 760 
Johansson, R., 2011. Evaluation of experiences From Using CEEQUAL in Infrastructure Projects, 761 
Uppsala, Sweden: Uppsala University. 762 
Jorgensen, A., Herman, I. T., & Mortensen, J. B. (2010). Is LCC Relevant in a Sustainability 763 
Assessment? International Journal of Life Cycle Assessment, 531-532. 764 
26 
 
Keeney, R., 2007.  Developing Objectives and Attributes. In Advances in Decision Analysis: From 765 
Foundations to Applications. Eds. Edwards, W., Miles, R.F., von Winterfeldt, D. Cambridge 766 
University Press, Cambridge, UK. 767 
Knaap, T. & Oosterhaven, J., 2011. Measuring the Welfare Effects of Infrastructure: A Simple Spatial 768 
Equilibrium Evaluation of Dutch Railway Proposals. Research in Transportation Economics, 769 
Volume 31, pp. 19-28. 770 
Lane, B., Lee, S., Bennett, B. & Chan, S., 2014. GreenPave Reference Guide: Version 2.0, Toronto: 771 
Ontario Ministry of Transportation’s Materials Engineering and Research Office. 772 
Leclère, D., Havlík, P., Fuss, S., Schmid, E., Mosnier, A., Walsh, B., et al. (2014). Climate Change 773 
Induced Transformations of Agricultural Systems: Insights from a Global Model. 774 
Environmental Research Letters, Volume 9, pp. 1-14. 775 
Lee, J. C., Edil, T. B., Benson, C. H. & Tinjum, J. M., 2011. Evaluation of Variables Affecting 776 
Sustainable Highway Design With BE2ST-in-Highways. Transportation Research Record: 777 
Journal of the Transportation Research Board of the National Academies, Volume 2233, pp. 778 
178-186. 779 
Lee, J., Edil, T., Benson, C. & Tinjum, J., 2013. Building Environmentally and Economically 780 
Sustainable Transportation Infrastructure: Green Highway Rating System. Journal of 781 
Construction Engineering and Management, 139(12). 782 
Loijos, A., Santero, N. & Ochsendorf, J., 2013. Life cycle Climate Impacts of the US Concrete 783 
Pavement Network. Resources, Conservation and Recycling, Volume 72, pp. 76-83. 784 
McVoy, G. R. et al., 2010. Moving towards Sustainability: New York State Department of 785 
Transportation's GreenLITES Story. Denver, American Sosciety of Civil Engineers, pp. 461-786 
479. 787 
Muench, S. et al., 2011. Greenroads Manual v1.5, Seattle: University of Washington. 788 
Muench, S. T., Anderson, J. & Bevan, T., 2010. Greenroads: A Sustainability Rating System for 789 
Roadways. Journal of Pavement Research Technology, 3(5), pp. 270-279. 790 
Nassar, R.-U.-D., Soroushian, P. & Ghebrab, T., 2013. Field Investigation of High-Volume Fly Ash 791 
Pavement Concrete. Resources, Conservation and Recycling, Volume 73, pp. 78-85. 792 
NASTC, 2014. North American Sustainable Transportation Council. [Online]; Available at: 793 
http://www.transportationcouncil.org/about-stars; [Accessed 09 October 2014]. 794 
Noshadravan, A., Wildnauer, M., Gregory, J. & Kirchain, R., 2013. Comparative Pavement Life 795 
Cycle Assessment with Parameter Uncertainty. Transportation Research Part D, Volume 25, 796 
pp. 131-138. 797 
NYDOT, 2014. New York Department of Transportation: GreenLITES. [Online]; Available at: 798 
https://www.dot.ny.gov/programs/greenlites; [Accessed 08 October 2014]. 799 
OECD, 2003. OECD Environmental Indicators: Development Measurement and Use, Paris: 800 
Organisation for Economic Cooperation and Development. 801 
27 
 
Qiao, Y., Dawson, A.R., Parry, T and Flintsch, G.W., 2015. Evaluating the Effects of Climate Change 802 
on Road Maintenance Intervention Strategies and Life-Cycle Costs. Transportation Research 803 
Part D: Transport and Environment, 41, 492-503. 804 
RMRC, 2012. Recycled Materials Resource Center. [Online]; Available at: 805 
http://rmrc.wisc.edu/be2st-in-highways/; [Accessed 14 November 2014]. 806 
Royal Roads University, 2014. Royal Roads University Sustainability Resources. [Online]; Available 807 
at: http://sustainability.royalroads.ca/transportation-0; [Accessed 08 October 2014]. 808 
Sala, S., Farioli, F. & Zamagni, A., 2013. Life Cycle Sustainability Assessment in the Context of 809 
Sustainability Science Progress (part 2). International Journal of Life Cycle Assessment, 810 
Volume 18, pp. 1686-1697. 811 
Santero, N.J., Masanet, E. & Horvath, A., 2011. Life Cycle Assessment of Pavements. Part I: Critical 812 
Review. Resources, Conservation and Recycling, No. 55, pp. 801-809. 813 
Santos, J., Flintsch, G., Ferreira, A., 2017. Environmental and economic assessment of pavement 814 
construction and management practices for enhancing pavement sustainability. Resources, 815 
Conservation and Recycling, No. 116, pp. 15-31. 816 
Santos, J.. Bryce, J., Flintsch, G., Ferreira, A., Difenderfer, B., 2015. A Life Cycle Assessment of In-817 
Place Recycling and Conventional Pavement Construction and Maintenance Practices. 818 
Structure and Infrastructure Engineering, Vol. 11, No. 9, pp. 1199-1217. 819 
Shivakumar, S., Pedersen, T., Wilkins, S., and Schuster, S., 2014. Envision: A Measure of 820 
Infrastructure Sustainability. Pipelines 2014.  pp. 2249-2256. 821 
Smeets, E., & Weterings, R., 1999. Environmental Indicators: Typology and Review. Copenhagen: 822 
European Environment Agency. 823 
UK Department for Transport, 2014. UK Government: Biggest upgrade to roads in a generation. 824 
[Online]; Available at: https://www.gov.uk/government/news/biggest-upgrade-to-roads-in-a-825 
generation; [Accessed 8 December 2014]. 826 
UNECE, 2014. United Nations Economic Commission for Europe; Climate Change and Sustainable 827 
Transport. [Online]; Available at: http://www.unece.org/trans/theme_global_warm.html; 828 
[Accessed 27 August 2014]. 829 
VanZerr, M., Connolly, S. & Sowerby, C., 2012. Best Practices in Sustainability Rating Systems, 830 
Linköping, Sweden: The Swedish National Road and Transport Research Institute (VTI). 831 
Ventura, A., Monéron, P. & Jullien, A., 2008. Environmental Impact of a Binding Course Pavement 832 
Section, with Asphalt Recycled at Varying Rates. Road Materials and Pavement Design, 9(1), 833 
pp. 319-338. 834 
VICROADS, 2010. Sustainability and Climate Change Strategy 2010-2015. Melbourne, Roads 835 
Corporation of Victoria. 836 
28 
 
Vidal, R., Moliner, E., Martínez, G. & Rubio, M. C., 2013. Life Cycle Assessment of Hot Mix 837 
Asphalt and Zeolite-Based Warm Mix Asphalt with Reclaimed Asphalt Pavement. Resources, 838 
Conservation and Recycling, Volume 74, pp. 101-114. 839 
WCED, 1987. Our Common Future, Oxford: Oxford University Press. 840 
Xu, X., Gregory, J. & Kirchain, R., 2015. Role of the Use Phase and Pavement-Vehicle Interaction in 841 
Comparative Pavement Life Cycle Assessment. Washington, DC, Paper Presented at the 94th 842 
Annual Meeting of the Transportation Research Board of the National Academies. 843 
Yang, R., Kang, S., Ozer, H., Al-Qadi, I., 2015. Environmental and economic analyses of recycled 844 
asphalt concrete mixtures based on material production and potential performance. Resources, 845 
Conservation and Recycling, Volume 104(a), pp. 141-151. 846 
Youker, R. and Brown, J., 2001. Defining the Hierarchy of Project Objectives. Linking Strategy and 847 
Projects, paper presented at the 14
th
 IPMA World Conference in Ljubljana, Slovenia 1998 848 
(revised 2001). 849 
